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Abstract 

We study flavor violation in the quark sector in a purely AD, two-site effective field theory description of 
the Standard Model and just their first Kaluza-Klein excitations from a warped extra dimension. The warped 
5D framework can provide solutions to both the Planck-weak and flavor hierarchies of the SM. It is also 
related (via the AdS/CFT correspondence) to partial compositeness of the SM. We focus on the dominant 
contributions in the two-site model to two observables which we argue provide the strongest constraints from 
flavor violation, namely, ck and BR (5 — > S7), where contributions in the two-site model occur at tree and 
loop-level, respectively. In particular, we demonstrate that a "tension" exists between these two observables 
in the sense that they have opposite dependence on composite site Yukawa couplings, making it difficult to 
decouple flavor-violating effects using this parameter. We choose the size of the composite site QCD coupling 
based on the relation of the two-site model to the 5Z? model (addressing the Planck- weak hierarchy), where 
we match the 5Z? QCD coupling to the AD coupling at the loop-level and assuming negligible tree-level 
brane-localized kinetic terms. We estimate that a larger size of the ^D gauge coupling is constrained by the 
requirement of 5Z? perturbativity. We find that ~ 0(5) TeV mass scale for the new particles in the two-site 
model can then be consistent with both observables. We also compare our analysis of ex in the two-site 
model to that in bD models, including both the cases of a brane-localized and bulk Higgs. 



1 Introduction 



The framework of a warped extra dimension with Standard Model (SM) fields propagating in 
the bulk [H m [3] is a very attractive extension of the SM since it can provide solutions to both 
the Planck- weak [3] and flavor hierarchy problems of the SM [21 [3]. Moreover, the versions of 
this framework with a grand unified gauge symmetry in the bulk can naturally lead to precision 
unification of the three SM gauge couplings [5] and a candidate for the dark matter of the universe 
(the latter from requiring longevity of the proton) [6] . The new particles in this framework are the 
Kaluza-Klein (KK) excitations of the SM fields with mass at the ~ TeV scale. Such a framework can 
thus give significant contributions to various precision tests of the SM. The electroweak precision 
tests (EWPT) can be satisfied for KK mass scale of a few TeV O [U [9] using suitable custodial 
symmetries [7, lOj. 

In this paper, we focus on the solution to the flavor hierarchy of the SM in the framework of 
warped extra dimension and the resulting flavor-violation. The idea is that the effective 4L> Yukawa 
couplings of the SM fermions are given by a product of the fundamental 5D Yukawa couplings and 
the overlap of the profiles (of the SM fermions and the Higgs) in the extra dimension. Moreover, 
vastly different profiles in the extra dimension for the SM fermions (which are the zero-modes of 
5-D fermions), and hence their hierarchical overlaps with Higgs, can be easily obtained by small 
variations in the 5D fermion mass parameters. Thus, hierarchies in the AD Yukawa couplings 
can be generated without any (large) hierarchies in the fundamental 5D parameters (5-D Yukawa 
couplings and 5D mass parameters for fermions). As a corollary, the couplings of SM fermions 
(with different profiles) to KK modes (again following from the relevant overlaps of profiles) are 
non- universal, resulting in flavor violation from exchange of these KK modes [11] . However, there is 
a built-in analog of GIM mechanism of the SM in this framework [3l [T2| [T3] which suppresses flavor 
changing neutral currents (FCNC's). Namely, the non-universalities in couplings of SM fermions 
to KK modes are of the size of AD Yukawa couplings since KK modes have a similar profile to the 
SM Higgs. 

In spite of this analog of the GIM mechanism, it was shown recently [14^ I15j (see also \16\ I17j) 
that the constraint on KK mass scale from contributions of KK gluon to ex is quite stringent. In 
particular, for the model with the SM Higgs (strictly) localized on the TeV brane in a 5D slice of 
anti-de Sitter space (AdS), the limit on the KK mass scale from ck is ~ 10 TeV for the smallest 
allowed 5D QCD coupling obtained by loop-level matching to the AD coupling with negligible tree- 
level brane kinetic terms (in the framework which addresses the Planck- weak hierarchy). On the 
other hand, for larger brane kinetic terms such that the 5D QCD coupling (in units of the AdS 
curvature scale) is ~ Att, the lower limit on KK mass scale increases to ~ 40 TeV. In addition. 
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the constraint on the KK mass scale is weakened as the size of the 5D Yukawa (in units of the 
AdS curvature scale) is increased. However, this direction reduces the regime of validity of the 5D 
effective field theory (EFT): the above limits on KK mass scale are for the size of 5D Yukawa such 
that about two KK modes are allowed in the 5D EFT. 

In the light of these constraints, instead of an "anarchic" approach to flavor in 5D, i.e., no 
hierarchies or relations in the various 5D flavor parameters, references \TE[ [T9] have proposed 
imposing 5D flavor symmetries in order to relate these parameters and hence to suppress flavor 
violation. Lower KK mass scales are thereby allowed, improving the fine-tuning in electroweak 
symmetry breaking (EWSB) and the discovery potential at the Large Hadron Collider (LHC). For 
other flavor studies in this framework, see references j20[ I2H [22 l 123 1 124j . 

However, the phenomenology of the TeV-scale KK modes and the SM Higgs is quite sensitive 
to the structure near the TeV brane (where these particles are localized). For example, the SM 
Higgs can be the lightest mode of a 5D scalar (instead of being a strictly TeV brane- localized field), 
but with a profile which is still peaked near the TeV brane (such that the Planck-weak hierarchy 
is still addressed) - we will denote this scenario by "bulk Higgs" [251 [26] § Moreover, the warped 
geometry might deviate from pure AdS near the TeV brane which in fact could be replaced with a 
"soft wall" [28]. Similarly, in general, there are non-zero TeV brane- localized kinetic terms for the 
bulk fields [29]. Such variations of the minimal models are not likely to modify the couplings and 
spectrum of the KK modes/Higgs significantly - for example, the constraint on KK mass scale from 
various precision tests will not be modified by much more than 0(1) factors. However, even such 
modest changes can dramatically impact the LHC signals, especially the production cross-sections 
for the KK modes. 

Instead of focusing on a specific limit of the full 5D model, such considerations then strongly 
motivate analyzing the phenomenology of this framework using a more economical description (for 
example, using fewer parameters than the 5D models) which can capture its robust aspects. Such an 
approach is provided by the "two site model" [30] which is a purely AD effective field theory obtained 
by truncating the 5D AdS model to the SM particles and their first KK excitations, roughly achieved 
by "deconstruction/discretization" [31j of the warped extra dimension. Equivalently, based on the 
AdS/CFT correspondence [32] as applied to a slice of AdS [33], the two-site model also describes 
two sectors: composites of purely 4D strong dynamics and elementary fields (which are not part 
of the strong dynamics). These two sectors mix, with the resulting mass eigenstates being the SM 
particles and their heavier partners, which correspond to the zero and KK modes of the 5D model. 
With this motivation in mind, an analysis of EWPT in two-site model was performed in [30j . 

In this paper, we study flavor-violation in the quark sector in this two-site model, in the in- 

^Note that the models where Higgs is the component of a 5D gauge field [271 15] do not belong to this class. 
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carnation corresponding to flavor anarchy in the 5D AdS theory. We focus on effects of tree-level 
heavy gluon exchange in ex and Higgs-heavy fermion loops in BR (b — > 57]^. We will show that a 
combination of these processes provide the strongest constraints on the two-site model (and hence 
probably on the general framework of warped extra dimension). We leave a more complete study 
of flavor violation in the two-site model, including other contributions to these observables and a 
global analysis (i.e., including other observables), for future work. 
A central observation of our analysis is that 

• a "tension" exists between the two observables ck and BR (6 — > 57) in the sense that they 
have opposite dependence on the composite site Yukawa coupling so that it is not possible to 
simultaneously suppress both these flavor violating effects using this parametejfl. 

However, ex can be suppressed by choosing small composite site QCD coupling. We find that 

• ~ 0(5) TeV mass scale for the heavy states is allowed simultaneously by ck and BR (b — > ,57) 
for a size of the composite site QCD gauge coupling corresponding to loop-level matching of 
the 5D QCD coupling (with no tree-level brane kinetic terms) to the AD coupling in the 5D 
model which addresses the Planck-weak hierarchy. 

In fact, we argue that, 

• once we include color factors in the estimate of the loop expansion parameter, a 5D QCD 
coupling larger than the above value might lead to the 5D theory no longer being perturbative. 

Note that, even with the above smallest value of the 5D QCD coupling, the lower limit on 
mass scale of new particles is different for the two-site model (~ 0{5) TeV) as compared to the 5D 
model with brane-localized Higgs (~ 10 TeV). This is partly due to the fact that, in spite of the 
two-site model being a deconstruction of the 5D model, the detailed features of the two models are 
different. Secondly, the above bound for the two-site model is from a combination of ex and BR 
(b — > 57), whereas that for the brane-localized Higgs model is from ex only. 

In fact, we compare in detail our results for the two-site model to those in 5D AdS models. In 
particular, we find that 

• the relations between the couplings of various particles (at least the ones relevant to ex) in 
the two-site model "mimic" those between the corresponding couplings in models with bulk 
Higgs, instead of the case of brane-localized Higgs which has been analyzed in the literature 
thus far. 

'^Estimates for 6 ^ S7 in the 5D AdS model were performed in references |13l 122) . 

similar effect was found earlier with regard to the 5D Yukawa coupling during an analysis of lepton flavor 
violation in the 5D AdS model [23] 
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So, our bounds from ex for the two-site model apply directly to the 5D AdS models with bulk 
Higgs (of a specific profile) for the choice of composite gauge and Yukawa site couplings being same 
as the corresponding purely KK couplings in the 5D model. And, we expect a tension between ex 
and 6 ^ S7 in the 5D AdS model (similar to that in the two-site model). Thus our analysis for 
the two-site model suggests that a KK scale as low as ~ 0(5) TeV might also be allowed in the 5D 
AdS models with bulk Higgs by the combined constraints from ex and BR (6 — > 57). On the other 
hand, we show that 

• if, instead of using 6 — > 57 to place an upper bound on the 5D Yukawa, we restrict it only 
by the requirement that two KK modes in the 5D EFT are allowed, then a KK mass scale as 
low as ~ 0(3) TeV might be consistent with the constraints from ex (only) in the 5D model 
with bulk Higgs. 

The outline of the rest of our paper is as follows. We begin with a review of the relevant features 
of two-site model, especially the couplings which will be used in our analysis of flavor constraints on 
this model. Assuming anarchic composite site Yukawa couplings, one typically finds multiple terms 
(of similar size) in the flavor-violating amplitudes, with 0(1) free parameters in the mixing angles 
and phases so that we need to scan over these parameters. It is then useful to present analytical 
formulae for one such generic contribution (with mixing angles set to their "natural" size) in ex 
and b S7. This exercise is presented in sections [3] and HI providing an estimate of the bounds. 
In section \5\ we briefly discuss the bound from Zbb, which (although not flavor-violating) turns 
out to be relevant for the analysis of flavor violation. The results of the numerical analysis which 
includes the full amplitudes (summing up all terms) for ex and b ^ (and Zbb) are presented 
in section [H The allowed value of ~ 0(5) TeV for mass scale of heavy particles in the two-site 
model mentioned above is based on a combination of the numerical analysis and the analytical 
estimates. We conclude in section [71 Several appendices deal with further aspects of our analysis. 
In particular, here we briefly discuss other contributions to ex and other i?-physics observables 
which provide weaker constraints on the two-site model. We present details of the loop calculation 
for 6 ^ 57 and the exact (numerical) scanning procedure that we used. In a final appendix, we 
contrast our results for the two-site model with those for the 5D AdS model. This comparison is 
summarized in Table [TJ 

2 Review of Two-Site Model 

2.1 Elementary and Composite Sectors 

In this section, we review the basic features of the two-site model (for more details see |30j). The 
particle content is divided into two sectors: composite and elementary. The elementary sector 
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of the model is equal exactly to that of SM except for the Higgs field. The SM gauge fields 
{SU{3) SU{2)l U{1)y) will be denoted in the following way, 



A^^{G^,W^,B^} (1) 

and fermion SU (2) ^ doublets by, 

V'L = {qii = iuLi,dLi), hi = (i^Li, eu)} (2) 
and finally SU (2) l singlets as, 

'4'R = {uRi, dm, VRi, em}. (3) 
The only renormalizable interactions are the gauge interactions. 

^elementary ^ _ 1^2^ ^ -^^^ ^ ^iP^^R- (4) 

The composite boson sector (containing the SM Higgs and massive spin 1 particles) has SU{2>)® 
SU{2)l ® SU{2)ji U{l)x global symmetries, where we need the additional custodial SU{2)fi to 
suppress new physics contribution to the T parameter [7]. There are fifteen heavy vector mesons 
(/9^) that belong to adjoint representation of the SU (3) (8) SU {2)l SU (2)ij U {l)x, and they can 
be decomposed into two sets: p^,, which are in the adjoint representation of the SM gauge group 
and their orthogonal combinations p 

p; = {g;,w;,b;}, p, = [w^ ^ ^'^^\ b,}. (s) 

We associate B* , B with the generators Tg. = Ihypcrcharge = - — "'"/^/^'^^ ^^'^ '^b ~ V^'^^ 



/5/3 ^/5/3 

where Tg* is hypercharge generator in the SO (10) normalization. Higgs field belongs to the com- 
posite sector and is a real bidoublet under SU{2)l SU{2)m- (H, H). 

Every SM fermion representation will be accompanied by a heavy composite Dirac fermion, so 
the composite sector will consist of SU (2) l doublets : 

X = (Qi = {Ui, A}, Li = {Ni, Ei}) (6) 

and SU (2) l singlets: 

X= (Ui,Di,Ei,m) (7) 



They are all singlets under SU{2)r. The Dirac masses of the composite sector doublets and 
singlets are m^:,m^:, respectively, which we assume to be the same (and generation-independent) 
for simplicity. U(l)x charges for fermions are chosen to reproduce the usual SM hypercharges. 
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The Lagrangian of the composite sector is 

1 2 2 2 

^composite = -^P,iu + ~^PtJ. + ~ ^i^) + 

- + ^{iP - - + YfHx'') + h.c. (8) 

where is the mass of the composite sector vector boson (again, assumed to be the same for 
aU gauge bosons for simphcity). One can see that Yukawa couphngs exphcitly break SU{2)r in 
composite sector (see Eq. ([8])). But this breaking gives a smaU contribution to the T parameter 
and is thus technically natural as mentioned in [30] 



2.2 Mixing and Diagonalization 

The two sectors (composite and elementary) are connected to each other by the mixing terms 

/:mi«ng = -Ml ^ A^pI + ^ (—A^ + iiJiAxR + ^R^XL + h.c). (9) 
9* \ 9* / 

Due to the presence of the gauge boson mixing terms the following combination of the vector bosons 
will remain massless 

9* A, + ^£^p;. (10) 



\j9el+9* 

The original elementary and composite states will be re- written using the mass eigenstates as follows 
'M^f-ose -sine\ fA,\ tane = ^, (11) 



PfiJ VS™*^ COSW J \p^J 
ijA f cos ip^^ -sinip^^\(^L 



tan 99^ = — , (12) 

M ^ - ( ^n] , tan = A . (13) 

In the new, i.e., mass eigenstate basis, (A^, V'L; V'i?) are the SM fields, which are massless before 

EWSB, and {p*,Xl,Xr) are the heavy mass eigenstates (i.e. the heavy partners of SM), again 
prior to EWSB. To shorten our notations we will denote 

6 = 01,92,03, p^^=^pg^^,pl^^, ip^^ = PuR,,^dR,,^URi,^eR, 

siny? , = Su, sinp^, = sa, sin(^g^, = Sg. (14) 



^Alternatively, we can add extra composite site fermions so that Yukawa interactions respect SU{2)r. This 
corresponds to choosing 5D fermions in complete multiplets of SU{2)r in the 5D AdS models [?]• We will not pursue 
this option here. 
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2.3 Couplings in mass eigenstates before EWSB 

Substituting Eq. (fTT|) ([12]) in Eq. ([8]), we get the Lagrangian for the Yukawa interaction 
between quarks and Higgs field in mass eigenstates before EWSB (the same expression will be true 
for leptons too, one just has to substitute L, E, N <^=^> Q, D, U) 



Y 



^SM-SM _|_ ^SM-Heavy _|_ ^Heavy-Heavy 
-Y^uHSqSuqLUR - Y^dHSqSdQLdR 



-Y R 



-Y H 



CqSuQhUR + SqCuqiUR 
CqCuOhUR + QrUl 



Y^,H 



CqSdQhdR + SqCdQlDR 



Y^,,H 



CqCdQlDR + QrDl 



+ h.c. 



(15) 



where Cq^u,d stands for cos{ipq^u,d)- We have split the Yukawa interactions into three parts, (SM- 
SM): interaction between two SM fermions, (SM-Heavy): interaction between SM fermion and 
heavy fermions, and (Heavy-Heavy): interaction between two heavy fermions. 

Similarly interactions between fermions (including SM and heavy) and heavy partners of SM 
gauge bosons are 

£ _ £SM-SM _|_ £SM-Heavy _|_ ^Heavy-Heavy 



= Pii9 



qLliiqii-Cqt + Sq- 



{qLl^JiQL + QLl^JiqL){SqCq{l + -)) 



+{L ^ R}, 



QUfiQUcl- - sit) 



(16) 



where t = tan 6*, and g is usual SM gauge coupling constant, and it is equal to g = geicosO = g^:Sin9. 
In the same way as we have done for the Yukawa interactions we split total Lagrangian into three 
parts ((SM-SM), (SM-Heavy), (Heavy-Heavy)) . In the limit when all the SM fermions are made 
up of mostly elementary sector particles, i.e. <C 1, then the flavor non-universal interaction 
between SM quarks and heavy gauge bosons will be = g^^s^cosO k, g^Sq, and similarly for the 
right handed quarks. 
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The interactions between Higgs field, massless vector bosons and their heavy partners are 



2.4 Flavor Anarchy 

We make the assumption that composite site Yukawa couphngs are "anarchical", i.e., there is no 
large hierarchy between elements within each matrix However, we need hierarchies in the 

elementary/composite mixing angles {sq^u,d) to reproduce the hierarchical quark masses and CKM 
mixing angles. Such a choice appears arbitrary from the point of view of the two-site model, i.e., 
why some couplings are hierarchical and others are not, but this choice will be justified by the 
correspondence with the 5D model (see Appendix [E|). 

2.5 Including EWSB 

Plugging in the Higgs vev in Eq. (I15| )( ll7p will lead to new mixings between SM massless fields and 
their heavy partners which can be classified in the same way as was done in Eq. (jl5p .(|16 p . (ll7p : (SM- 
SM)- mixing between different generations of the SM massless fermions and the mixing between 
(W'^,B) SM gauge fields ; (SM-Heavy)- mixing between SM massless fermions and heavy fermions 
and the mixing between {B,W'^) SM gauge bosons and , S*, VF*) heavy vector bosons; 
(Heavy-Heavy)- mixing between the heavy fermions corresponding to the different generations of 
SM and the mixing between {W^,B^,B^,W^:) heavy vector bosons. These mixings lead to many 
new contributions to flavor violating processes, which we will study in detail in later sections. 

3 AF = 2 processes: ck 

3.1 Formulae for Two-Site Model 

We want to find the bound on composite sector scale from CP violation in the AS" = 2 process, 
i.e., ck- The most general effective Hamiltonian for A5 = 2 processes can be parameterized in the 
following way [34| 




(17) 
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Has=2 = CiOi + C2O2 + C3O3 + CaOa + C5O5 with 



(18) 



where a, (5 are color indices. There are also O'^ g operators with L replaced by R. The dominant 
contributions to these Wilson coefficients in the two-site model come from tree-level exchange of 
heavy gauge bosons - for example gluon (see Fig. [T]) - with flavor violating couplings. These flavor 
violating couplings arise mainly from the mixings between SM fermions induced after EWSB (see 
section 12. 5p which we now focus on - the other two types of mixings (SM-Heavy, Heavy-Heavy) 
have sub-leading effects for ex and so will be neglected for the analysis in this section. 

The point is that the couplings between heavy gluon and SM quarks are diagonal but non- 
universal in the gauge eigenstate basis for quarks, i.e., before EWSB, in £SM-sm ^g^j^ Qf (|l6p . 
After EWSB, one has to use unitary transformations: {Dl, Dji) and {Ul, Ur) to go to mass 
eigenstate basis for down and up- type quarks respectively (just like in the SM). These rotations 
thus lead to off-diagonal couplings between SM quarks (in mass eigenstate basis) and heavy gluon. 
From the analysis of the 5D models [T71 [T^ [T5] , it is well-known that the dominant contribution 
comes from the heavy/KK gluon exchange between left-handed and right-handed down- type quark 
currents, i.e., (V — A) x (V + A)-type operators. Therefore, we focus here on heavy gluon exchange 
of the above type. It is straightforward to show that such exchange gives (upon Fierzing) 



Q (M,) 



-3C5 (M, 
(9s* 



M2 



[iSg2r {Dl\2 + M (Dl^s {Dl, 



23 



(19) 



where gs* is composite QCD coupling. Each 



in this formula includes two terms, i.e., one from 



the "direct" 1 — 2 mixing (present even with two generations) and another from the (1 — 3) x (2 — 3) 
mixing (i.e., via 3rd generation) for the left and right-handed flavor- violating couplings. 

Assumption of anarchic Yukawa couplings in the original Lagrangian of Eq. (llSp implies that 
mixing angles in SM Yukawa couplings are given by ratios of elementary-composite mixings [13], for 
example, 



(Dl, 



R) 



for i < j 



(20) 



So, the two terms (inside each of the brackets 
sectors) are of same size, but uncorrelated. 



{Sq,d)3 

in Eq. (|19p (for each of left and right-handed 
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On the other hand from the £SM-SM ^^j-^j^ j^q^ psp we have 

rud ~ YfsgiSdiv/V2 (21) 

so we can esthnate the size of the mixing angles Sqi, Sdi- 

Now we can estimate new physics contribution to 5 using the following assumptions: (i) 



considering one term in each of the brackets 



of Eq. (119p at a time, (ii) mixing angles set to 



"natural" size (i.e., with "=" in Eq. (j20p above), and (iii) quark masses given by natural size of the 
parameters (i.e., with "=" in Eq. ([2T]) above). Plugging Eq. ([20|) and ([2T]) into Eq. ([19]) leads to 
the estimate, up to an 0(1) complex factor: 

^2-site ^ ffL 2m,mrf 1 

4 estimate {Y^Y v'^ 

with V = 246 GeV, where subscript "estimate" stands for the above three assumptions. To repeat, 
the assumption of anarchy tells us that the four terms in Eq. p9|) are of the same size as Eq. (j22p 
and have itncorrelated phases. Therefore, our estimate using one term gives us the correct result 
up to 0(1) factor. 

3.2 Experimental limit 

The model independent bound from ex is strongest on the Wilson coefficient C4 due to (i) enhance- 
ment (as compared to for the other Wilson coefficients) from RG scaling from the new physics scale 
to the hadronic scale and (ii) from chiral enhancement of matrix element (see reference [35])lfl This 
bound on O4 is : 

Im04 ~ AiT = 1.6 X lO^TeV. (23) 

where the coefficient is renormalized at the ~ 3 TeV scale [13]. Note that the bound on Im C4 is 
only mildly (logarithmically) sensitive to the renormalization scale and hence it remains almost the 
same as the above number (which is again for a scale of ~ 3 TeV) for heavy mass scales of up to 
~ 10 TeV that we will consider in this paper. Using Eqs. (I22p and ()23p . and assuming order one 
phase, we get 

^ Hgl TeV (24) 
We can see the bound on the composite mass scale decreases as Yf increases. 



^The effect of C5 (M,) in the two-site model is sub- leading because firstly the model-independent bound is weaker 
relative to C4 (see reference [35]) and secondly in this model C5 (M*) is suppressed by a color factor relative to C4 
(see Eq. [19]). 
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4 Radiative processes: 6 ^ 57 

The rare decay B Xsj gives very powerful constraints on new physics. We follow the standard 
notation and define the effective Hamiltonian for 6 ^ S7 [34] : 



Tieffib - S7) = -^V:MC7{^,,)Qr + C',{fiM + • • •] (25) 

where Q7 = e mb/ (Svr^) 6ct'^^F^,^(1 — 75)5 and Q'^ = nib e (Svr^) ba'^"F^y{l + 75)5. Here we have 
neglected other operators that only enter through renormalization of C7 and C'-j. In SM, the Wilson 
coefficient C-j{^uj) evaluated at weak scale is 

1 



C7 (^M,) 2 



ixl + bxi - 7xt) ^ xl{2 - 3xf) 



C^''\t^u,) = —C^'\l^u,) (26) 
rrib 



12{1 -xtf 2{l-xtY 

with Xt = mf /Ml. The Wilson coefficient CJ,{^jl^) can be neglected in SM due to a suppression by 
ms/rrib. The leading order QCD correction gives us 



Crifib) = 0.695C7(m«,) + 0M5CsM - 0.158C2(^^) (27) 
= 0.695(-0.193) + 0.085(-0.096) - 0.158 = -0.300 

where C2 and Cg are Wilson coefficients for operators Q2 = (c6)y_yi(sc)v-A and Qsg = 

f^b g/ (Stt^) baa'^'^{l — 75)T^^s/3G^^. The latest higher order calculations for BR(6 — > S7) are 

given in [36| but the above order results suffice for our purposes. 

4.1 Estimate in two-site model 

In two-site model, the largest new physics contribution to T(b S7) comes from diagrams with 
heavy states in the loop because of their larger coupling constants. First, we consider diagrams with 
heavy gluons and fermions (see Fig. We can get an idea of the flavor structure of this diagram by 
treating the EWSB-induced fermion mass terms of Eq. ()15p as being small compared to the masses 
of the heavy partners of SM fermions (henceforth called by the mass insertion approximation) . From 

£SM-Heavy ^^^^ gq. 

we see that mass insertion approximation gives us a new contribution 
to Wilson coefficients of operators dja'^'^ F^^{1 — ^5)di (with quarks in gauge basis before EWSB) 

C?ij oc Sg^glY,%Sd, (28) 

Notice that Cfj^j has the same flavor structure as quark mass matrix TTidij ^ ^ifij^Qt^dj • Therefore, 
after unitary rotation into the mass eigenstates after EWSB, Cj'^j will be approximately diagonal 
in flavor space, and contribution from heavy gluon and heavy fermion exchange to T(b 57) is 
suppressed, (see reference [13] for a similar discussion in warped extra dimension, where KK gluons 
and KK fermions correspond to heavy gluons and fermions here.) 
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Next, we consider diagrams with heavy fermions and Higgs in the loop (including physical Higgs 
and longitudinal W/Z bosons). Similar to the previous analysis, we can get the flavor structure of 
these diagrams from mass insertion approximation. For the purpose of estimating flavor structure, 
we consider only neutral Higgs diagram (see Fig. S]). From the Yukawa couplings between SM 
fermion, heavy fermion and Higgs (£SM-Heavy ^gj.j^ gq_ |]^5|) -^q f^^d that 

^Uj ^ ^qi^*ik^*kl^*lj^dj (29) 

It is obvious that C^^j is not aligned with mdij, assuming no particular structure in the (i.e., 
anarchy). Thus these diagrams will give the leading new contribution to C7 and Cj, and we will 
focus on these diagrams (see reference [13] for a similar discussion in warped extra dimension). 

Because of the near degeneracy of heavy fermion masses, we cannot use mass insertion approx- 
imation to calculate the loop diagrams. Instead, we need to diagonalize the 9x9 mass matrix 
(once we include EWSB-induced mass terms, i.e., coming from Yukawa couplings in Eq. (|15p l for 
all down type quarks in order to determine the mass eigenstates and their couplings. Since it is 
difficult to obtain an exact analytical formulae for this effect, the analysis is performed numerically 
in Section [6l However, it is insightful to obtain an approximate analytical formulae for 6 ^ 57 
as follows. First, we calculate the dipole operator for the case of one generation quark together 
with its heavy partners (say, as in the calculation of (g — 2)^)) without using the mass insertion 
approximation and then we simply multiply it by factors from generational mixing effects in order 
to obtain the amplitude for 5 — > S7. 

In more detail, we diagonalize the 3x3 mass matrix (including the EWSB-induced mass terms) 
for one generation quarks analytically to first order in x = Y^''^v/ (m*-v/2) in Appendix |Bl the 
results for dipole moment operator of one generation with charged and neutral Higgs in the loop 
are shown in Eqs. (j67p and (j7ip . In order to estimate the effect of mixing between different 
generations, we again use mass insertion approximation (see Fig. U]). For example, the operator 
h^a^^'^ F^ySR can be generated via the mass insertions/ Yukawa couplings (as in Eq. [29l but dropping 
the fiavor indices on Yd* for simplicity) 

Yd*Sq^Yd*vYd*Sd2 (30) 

Based on our assumption of anarchy and the formulae for Yukawa couplings and mixing angles (Eq. 
(USD dSni)), we know that 

Yd*VSq:iSd2 = Yd*VSq3Sd3— ~ "lb(Di?)23 (31) 

Sd3 

and 

^ ~ {DL),,{Dnh, (32) 
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In addition, since left-handed down and up-type quarks have the same elementary-composite mix- 
ing, we get (again assuming anarchy of 1^*) 



~ VtsOrV,b (33) 

where in the second line we have used that Vckm = Uj^D^. Combining Eq (jSOj) through ([33j) . we 
can find that generational mixing gives a factor ~ J^y^ . Similarly, for the operator bRcr^^ Ffj_ySL 
we have (as in Eq. [29]) 

Yd*Sd'iYd^vYd^Sq2 ~ {Yd^fnn,{DL)2?. ~ {Yd*fnnyts (34) 

i.e., generational mixing gives a factor ~ Vts- Note that for neutral Higgs diagram the amplitude 
is proportional to Y^^. The flavor structure for charged Higgs (would-be Goldstone) diagram is 
similar, expect that there are two types of contributions (schematically oc Y^^ and 1^^!^*). For 
simplicity, we set Yu* = Y^^f = Y^ in our estimation. 

Then, multiplying the one generation results for dipole operator in Eqs. (j67p and (|7ip by the 
above generational mixing factors, we get the following effective Hamiltonians: 

Weti,- H„, » hy-r--^^.^^iyMi - + + (35) 

We present the results for both charged Higgs and neutral Higgs contribution since they generally 
have different phase and cannot be simply added together. Since their sizes are of the same order, 
we will focus just on charged Higgs contribution in the analytical estimates. Then, the new physics 
contribution to the Wilson coefficients ar j^l 

^2-site / N ^ 5 (i;)^ V2 ^ ^/2-sitc / N ^ 5 (i;)^ V2 rUs , . 

^7 estimate 48(m*)2Gi.' W estimate 4& {m,Y G f m^X^ ^ > 

where we used Vts ~ (A ~ 0.22). As explained earlier, (based on assumption of anarchy) in the 
exact result for b ^ sj there will be several terms of the above order but with uncorrelated phases. 
Thus Eq. (|37|) is only an estimate for b — > 57, i.e., the natural size of one term that contribute 
to the new physics effective Hamiltonian. We expect the final result of the coherent sum of such 
terms to be of the same order as this one-term estimates. From these estimates we can conclude 



®Note that such a size for these Wilson coefficients can be estimated, i.e., derived up to 0(1) factors, using purely 
mass insertion approximation. As explained above, here instead we have calculated the 0(1) factor from loop diagram 
[Without using mass insertion approximation), although we still used mass insertion approximation to estimate the 
generational mixing factors. 
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that is bigger than by a factor of mg/ (m;,VJ^) ~ 8, which is different than 

the case in SM (where C7 ~ C7 ms/nib). 

As mentioned earher, in Section [6l we will apply the exact diagonalization of the 9x9 mass 
matrix for three generations to the results from general loop calculation of 6 ^ S7 in Appendix lAl 

numerically. 



to obtain C^-""'^" 



and C^2-sitc 



4.2 Experimental limit 

The leading order QCD corrections will suppress the new physics contribution to the Wilson coef- 
ficients 

,-| 16/23 





16/21 


' asimt)' 


asimt) 







C^-''"'{m,) « 0.73 C77^-"'^(m,) 



(38) 



We add it to Cf^(^^) in Eq. ^ and then use this sum, i.e., C^°^^\fin,) = C^^(^^) + C^-''*^(^^) 
in Eq. ([27]) to obtain Cj{fib)- Whereas, the SM contribution to Cy is negligible compared to that 
in the two-site model so that we have 



"as(m*)' 


16/21 


asimt) 


asimt) 




_asinb) . 



16/23 



0.48 a 



/2-site 
7 



(39) 



The contributions from Cjinb) and C-^ifib) sum incoherently (without interference) in the total 
(i.e., SM and new physics) decay width r*°*^'(6 57): 



T'°'-\b^sj)^\Crifib)\'' + \C^if^b)\' 



(40) 



For convenience, we define 6' 



7 



■2-site 
7 



(m,)/Cf^^(/i^) and 6'j = C^^-'''%m,)/Cf^^ ifi^). Adding 



these new contributions, we have 

r5M(5 ^ J) - 1 + 0-68i?e(5.) + O.lll^^p (41) 

The experimental average value for the branching ratio is BRib — > 57) = (352 it 23 it 9) x 10~^[37]. 
The theoretical calculation gives BRib 57) = (315 ±23) x 10-6[38]- Adding the 2a uncertainties 
by quadrature we find that a 20% deviation from SM prediction is allowed. If we consider the two 
contributions separately, we will get the bound \6y\ < 1.4 and Reidj) < 0.3. Using Eqs. (|37|l and 
(f26l) . the first condition gives 

> (0.63)n TeV (42) 

and the second condition gives us a weaker bound. From this rough estimate, we can see the bound 
on composite mass scale increases with composite Yukawa coupling. 
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4.3 Tension and lowest heavy SM partner mass scale scenario 

We see that the bounds on M* and m* from ex and BR(& 57) have opposite dependence on y*. 
Thus we cannot use this parameter to decouple flavor-violation. For simplicity, we set M* = 
henceforth. Then the lowest allowed value for Af* that satisfies both bounds Eqs. ()24p and (|42p is 

> 2.6^ TeV for ~ 4.2^51: 
~ 4.5 TeV for c/^* ~ 3 

~ 6.4 TeV for 5^ ~ 6 (43) 

where in last two lines, we have set Qs* ~ 3, 6 which is motivated by the f>D AdS model, although 
the latter value might not be allowed by f)D perturbativity (see Appendix IE . 1 . 1 p . We can check 
that with the values of Kk in Eq. ()43p . the loop expansion parameter / (l67r^) is less than one, 
and the two-site model is thus perturbative (but barely so in the case of 1^ ~ 10 for gsn. ~ 6): see 
Appendix IE. 41 about perturbativity bound on KK Yukawa couplings in the f>D AdS model. 

We reiterate that the bounds in Eq. (j43p are only estimates in the sense that they are based 
on one among multiple, uncorrelated terms in the amplitudes for both and b 57. Also, note 
that the contributions to 5 — > 57 in the two-site model, being at the loop-level (as opposed to the 
tree-level contributions to ex), can be quite sensitive to the composite sector content - for example, 
as mentioned in section 12. H we could add SU{2)fi partners for the composite site ur and dn (as 
in 5D models) which can easily modify the new physics amplitude for b — > 57 by ~ 0(1) factors 
due to their appearance in the loops. In this sense, the constraints from 6 — > S7 presented for this 
model should especially be considered as a ballpark guide to the viable parameter space of this 
framework: the main motivation for using 6 — > 57 in our analysis is to put an upper bound on the 
composite site Yukawa coupling. 

As discussed in references |13l [22] for the 5D model, the Higgs-heavy fermion loop contributions 
to electric dipole moments (EDMs) of SM fermions also increase with the size of the composite 
Yukawa coupling (just like b — > 57). Thus, EDMs can also be used to put an upper bound on 
the size of this coupling (for a given heavy mass scale). However, EDMs depend on a different 
(fiavoi-preserving) combination of phases than the flavor-violating observables €k and b ^ and 
so we will leave a study of these constraints for the future. Note that 5D flavor symmetries can 
suppress EDM's as well as the flavor violating effects. 

5 Correction to Zbb coupling 

There is another important constraint coming from non- universal correction to ZbibL coupling 
which arises from mixing between SM and heavy states after EWSB (see j30] ) 
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^9z-bb ( Y^dis V f mt y 1 1 Vf 9*2 y 

9zbb ^ ^^\y*u33) KM.SusJ 2\M,Sui) XY.u-iz) 

Experimentally, it is measured to have less than 0.25% deviation from its SM value. If we assume 
that all composite Yukawa couplings are of the same order, then we can get a bound on from 
the first term alone: 

M, > 4.7 TeV (45) 

This bound is similar to what we found from ex and h sj. However, if we allow a little hierarchy 
between the Yukawa couplings, e.g., Y^^ > then the bound on will be enhanced. We 
mention that Zhih^ coupling can be protected by another custodial svmmetrvflO]. But we will not 
use this idea here. 

6 Numerical Analysis 

In previous sections we presented semi-analytical estimates for the new physics contributions to 
the ek and h ^ s^ processes, but to get the precise values one has to perform a numerical scan 
over the parameter space. The scan procedure is discussed in detail in Appendix Here we 
summarize some important features and results of our scan. We require that our composite Yukawa 
coupling matrices are anarchical, i.e. all entries of the same order, with the results presented 
here corresponding to the variation of the Yukawa couplings by a factor of three, and we varied 
the elementary/composite mixings also by a factor of three. First, we generate the points in 
parameter space with 1^*, 1^*, sq, s^, such that the SM quark masses and CKM mixing angles 
are reproduced. Then we calculated | ^sm Q^^s-y) ~ \^9zbb/ 9zbh\ ImC'4xA|, (with 

Kf = 1.6 X 10^ TeV) for different values of and F"'"'. 

In Fig. U we show the plots of | rb°AT||,'l,7) ~ 11/(^0%) and IuiC^k^^ for = 5 TeV and 
different values of Y^''^ (defined here as the geometric average value for Y^^^). We focus on the case 
with Qs* = 3. Points to the left and below the solid lines satisfy both bounds from BR (6 sj) and 
€k- We begin with the cases with no hierarchy between the up and down- type quark composite site 
Yukawa coupling, i.e., Yf = Y^. In the top left plot, we choose this value to be S (3,4). We see 
that a small fraction of points satisfy the bounds from ex and BR (6 — > 57). Next we increase the 
common value for Yf and Y^ to (6, 7) (top right plot). We expect that the larger Yukawa coupling 
will enhance the contribution to r(6 S7) and suppress the contribution to Im C/^k, which is 
clearly shown in the plots and illustrates the tension discussed in section 14.31 In the end, there are 
fewer points satisfying both bounds with these larger Yukawa couplings. 

Finally, we consider a mild hierarchy between the Yukawa couplings: Y^ G (1, 2) and YJ^ G (5, 6) 
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(bottom plot). We find that more points satisfy both bounds than in the previous two cases. 
This is expected since small suppresses one of the contributions to T{b S7J1I while larger 

suppresses contribution to ImC/iK- However, the bound from non- universal Zb^bL coupling 
correction is more constrained in this case due to the (y%33-) enhancement in Sg^ii^bL (^®^ 
()44p ) so that we have to study the consequence of this bound. In Fig. [U we present the result from 
the scan for lmC4K and ^Qzh^bL- ^^"^ ih.a.t when Y^ = 5 ~ 6 and Y^ = 1 ~ 2 (right plot) 
the ^Qzhj^bL bound eliminates a majority of the points. However, for Y^ = Y^ G (3,4) (left plot), 
the bound on Sg^f^i,^ is easily satisfied, as expected from our analysis in Section [5l 

We show the same scatter plots for = lOTeV (Fig. El E]) and = 3TeV (Fig. [U 
[To]) . As it is clearly shown in the plots, all bounds can be easily satisfied for M^, = lOTeV, 
while almost no point satisfy all bounds for = 3TeV. Note that, with our choices of Kk, 
higher-order loop diagrams with these couplings will give us corrections to all our observables of 
~ Y^ / (iGvr^) ~ O (1/a few) — 1/10, which is the main source of error in our analysijf]. 

Now we consider the case with a larger composite site gluon coupling, i.e., Qs* = 6. The 
contribution in the two-site model to r(6 S7) is the same as in the case Qs* = 3 while IrdC^K 
increases by a factor of 4. Thus, rather than showing separate plots for = 6, we can present 
the bounds for this case on the same plots as for gg^, = 3 by just moving the line from the lmC4K 
bound downward by factor of 4. So all the points satisfying both constraints for g^^, = 6 are below 
the dashed line and to the left of the solid line in the same plots. As expected, for gg^, = 6, few (a 
sizable fraction of) points satisfy the bounds for M^, = 5(10) TeV. 

Combining the results of the numerical analysis shown in the plots with our earlier estimate 
in Eqs. (|43p and (j45p of ~ 4.5 TeV as the lowest heavy SM partner mass scale allowed, we then 
conclude M* as low as ~ 0(5) TeV with (7=,, ~ 3 can satisfy all the constraints we considered. 

7 Conclusions 

The warped extra dimensional framework with bulk SM is very well-motivated scenario for beyond 
the SM since it can address many of the puzzles of nature. The two-site model provides a economical 
description of this framework by effectively restricting to the SM fields and their first KK excitations. 
In this paper, we studied constraints on this model from flavor violation in the quark sector, in 
particular, we showed that ex and BR (6 57) provide the strongest constraints. Moreover, these 
two observables have opposite dependences on the composite site Yukawa couplings so that this 
parameter cannot be used to ameliorate the flavor constraints. 
^There is also a contribution oc only as discussed in section fOl 

*Of course, we are also incurring an error of similar size due to neglect of higher KK modes in the two-site approach 
for analyzing the 5D model 
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Assuming anarchic composite site Yukawa couplings and based on both numerical and analytical 
calculations, we showed that ~ 0(5) TeV mass scale for the heavy states can be consistent with 
both the observables for a size of composite site QCD coupling which is consistent with the 5D 
AdS model solving the Planck-weak hierarchy problem, where the 5D QCD coupling is matched to 
the 4D coupling at the loop-level and with negligible brane kinetic terms. We argue that a larger 
5D coupling might be constrained by the requirement of 5D perturbativity. 

Moreover, we showed that couplings in the the two-site model are similar to those in the 5D 
models with bulk Higgs (but still leaning towards the TeV brane) rather than to the brane-localized 
Higgs case. Thus our results suggest ~ 0(5) TeV KK mass scale might be consistent with quark 
sector flavor violation even for 5D AdS models with bulk Higgs. 

With 0(5) TeV mass scale, signals at the LHC (including its luminosity upgrade, the SLHC) 
from direct production of the heavy states are extremely suppressed, in particular, only the heavy 
gluon might be (barely) accessible [39]. However, with very mild tuning (i.e., deviation from anarchy 
in the composite site Yukawa couplings), it is clear that ~ 0(3) TeV KK scale might be allowed, 
enhancing the direct LHC signals and making even the EW heavy states possibly accessible at the 
LHC [ID]. 

Finally, we comment on future signals and constraints from flavor violation. Obviously, the two- 
site model with 0(5) TeV mass scale for the heavy particles is on the edge of ex and BR (6 57) 
so that reduction of theoretical errors in these observables will provide even stronger constraints 
on this framework. More broadly speaking, given 0(5) TeV scale for the new particles, their 
contributions to amplitudes for AF = 2 and AF = 1 processes are typically at the level of ~ 0(10%) 
of the SM. Such a modest size might be relevant for the hints (i.e., 2 — 3a discrepancies in the SM 
unitarity triangle fit) of beyond-SM effects in B/K physics which are precisely at this level: see 
references [41] for a general analysis and reference [IBj for some discussion in the context of warped 
extra dimension. 

In fact, this size of new amplitudes in the warped framework can still lead to striking deviations 
from SM, in spite of the (rough) consistency of the SM predictions with the current flavor data. 
For example, CP violation in Bg mixing is expected to be ~ 0(10%) in this scenario, larger than 
the SM expectation of a few % (and there might be some hint for such an effect in the data |42j ) . 
This prediction can be thoroughly tested at the LHC-b. 

An even more dramatic example is that a slightly larger amplitude in 6 — > 57, namely, ~ 0(0.5) 
of SM with opposite chirality to that in the SM is still allowed since such a contribution does not 
interfere with the SM amplitude in the decay width or BR, giving an effect in BR ~ 0(20%) which is 
on the edge of the current constraints. We discussed that in the two-site model, the dominant effect 
in 6 — > 57 is precisely of such a size in the opposite-to-SM chirality amplitude. The point is that 



19 



such an effect gives ~ 0(0.5) time-dependent mixing-induced CP asymmetry from the interference 
with the SM amphtude, in sharp contrast to the SM prediction of this CP asymmetry: ms/rrib ~ 
a few % (as aheady pointed out in [22\ [T3] for the 5D models). The current 2a error on this 
CP asymmetry is ~ 0(0.5) so that there is no strong constraint at present from this observable. 
However, if in the future, this CP asymmetry can be probed at the SM level or even ~ 0(0. 1), 
then we might obtain a striking signal for this model (or an even stronger constraint than ~ 0(5) 
TeV on the mass of new particles). We leave this analysis for a future study. 
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A Model Independent Loop Calculation 

We work in non-unitary gauge for the electroweak gauge sector of the SM, where we must include 
the would-be Goldstone bosons in the loop. The model-independent interaction between a charged 
Higgs, SM down-type quarks (d) and an up-type heavy quark (U) can be parametrized as follows: 

£ D C7[aii(l + 75) + a2^{l - 75)]c^i + h.c. (46) 

where all quarks are in mass eigenstate basis (including effects of EWSB). We focus on the dominant 
contributions to the dipole moment operator for 6 ^ S7 generated by these interactions - the 
relevant diagrams contain the charged Higgs and heavy fermion in the loop with the SM fermions 
as external legs (see Fig. [3]A and B). We will then apply the results obtained in this section for the 
specific case of the two-site model and calculate the effective dipole operator for one generation in 
Appendix [B] and 6 — > S7 in appendix lB.il 

For the first diagram (see Fig. [3]A), with photon line attached to the heavy fermion, we get the 



effective operatoi 



^e// ^ {^,,(1 + ^,)b + B.sil - 75)6} (47) 



We used Feynman gauge in this calculation. Since we are considering only the dominant diagrams here, the result 
will be different by O(-jy^) if we use another non-unitary gauge. Such differences can be neglected for our purpose 
here. Of course including the other diagrams (with W jZ) will produce a gauge-invariant result. 
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with 



Ai = (a2ba*2s'mb + aualgnis) fi{t) + (al^au) f2{t) (48) 
Bi = {aibal^rrib + a26aL"^s)/i(t) + (aL«2b)^*/2(i) 



and 



t[t{t-6)+3]+6tln{t) + 2 (t-4)t + 21n(0+3 
= T^T^^ ' = (49) 

where M^: is the mass of the heavy fermion, Qu is the charge of the heavy fermion, t = M^/M^. 
This result can also be used for the diagram with neutral Higgs (including physical Higgs and the 
neutral would-be-Goldstone boson) in the loop. 

The result for the second diagram(See Fig. [3]B), with photon attached to the charged Higgs, is 

'^2" = + ^5)^ + B2S{^ - 75)H (50) 



with 



A2 = {a2balsmh + aibal^ms)giit) + {aiba*2g)M^g2it) (51) 
B2 = {aibalgrrih + a2feaL'^s)9i(*) + ("L«26)^*52(i) 



and 



, , 2*3 - 6*2 ln(t) - 6t + 1 + 3*2 t2 _ 2t ln(t) - 1 

9i{t) = ^^(^31)4 ; 92{t)= ^^^_^^3 (52) 

These results (Eq. H71 and [50]) can be applied to calculate r(6 S7) if we find the couplings an, 
Oi2i (see Eq. l46]l . 

B Mass matrix diagonalization and dipole moment operator for 
one generation 

Having performed a calculation of the dipole operator for 6 — > s generated by general couplings 
of bottom and strange quarks to Higgs and heavy fermions, we now consider this contribution 
specifically in the two-site model. As explained in section 14.1] we have to consider the mixing 
between the SM and heavy fermions of all three generations induced after EWSB. Diagonalization 
of this mixing will give the couplings to Higgs in mass eigenstate basis for the quarks which we 
can then plug into the model-independent results of appendix [XI in order to calculate h — > 57. In 
this section, we will first consider analytically the simpler one generation case, i.e., a calculation 
of {g — 2)^, which will be generalized (numerically) to the case of three generations for calculating 
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6 — > S7 in the next sub-section. This result for the dipole operator for one generation was also 
used in section 14.11 to obtain an estimate for 6 — > 57 (after multiplying by an estimate for the 
generational mixing factors). 

The one generation mass matrix for down type quarks (including effects of EWSB) is (see Eq. 

m) 

I XSqSb XSg \ / bR \ 

{II Bl Bl)M, X I \\ Br \+ h.c. (53) 

\ XSb 1 X I \ Br I 

where x = vY^/ (M*\/2), B and B are composite SU{2)l singlet and doublet fermions respectively. 
It can be diagonalized by bi-unitary transformation to first order in x. 

I 1 xsjV2 -xsjV2 \ j 1 xsb/\/2 xsb/V2 \ 

= -xsq I/V2 -I/V2 ; Od^= i -xsb I/V2 I/V2 (54) 

V 1/V2 1/V2 J V 1/V2 -1/V2 J 

(XSqSb XSq \ 
X 1 I Odr = diag( xSgSb ,1 + x ,1 — x ) (55) 
XSb 1 X / 

Similarly we can get the up- type diagonalization matrix (0;/^) and {Oun)- We define the mass 
eigenstates as 






1 


B, 


BlR 


Bl 


\ B2R 



ok { Bl \ \ BiR ]= ok { Br ], (56) 
\Bl J \B2R J \Br J 

where is the SM bottom quark with mass vY^SgSb- Bi is the heavy state with mass (1 + x)M^, 
and B2 is the heavy state with mass {1 — x)M^,. Similar mass eigenstates can be defined for up-type 
quarks (i^^^, Ti, Ta). 

The coupling between down type and up type quarks through charged Higgs is 

4.SM 




1 \0u^\ TiR I H- (57) 
T2R 



We can find the couplings between b^'^^ and heavy up-type quarks 



Y.H-bf'^ 



l + x) , (x-1) 

SqTlR H —SqT2R 



V2 " V2 
Similarly, we have the coupling coming from another chirality 



(58) 




Y,{b)l' BiR B2r) Ol^ \ 10 Ou^ Til R- (59) 
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which gives us the couphng 



[1 + x) ^ (x-l) ^ 

-SbTlL H 7^ShT2L 



(60) 



V2 " V2 

Altogether, we have the charged Higgs couphng between SM bottom quark and heavy up-type 
quark 



(61) 



SM 



■ l+75^x-l 1-75 x-1 

-Sa + ( ) —Sb 



Based on our parametrization of the couplings (see Eq. |46]) . we extract (we ignore the subscript 
"b" in ai_2 here) 

(1) _ (l + a;)sb. 



a 



a 



(2) 



a 



(1) 



a 



(2) 



2\/2 
(a^ - l)gfe 
2^/2 

(1 + x)Sq 
jx - l)Sg 



-Y, 



(62) 



The contribution from heavy up-type quark to the dipole moment operator would be (see Eq. Wl\ 
andEOD 

- + "^''"(1 + 75)&'*1 (63) 



oydipole 

charged Higgs ~ g^2 j\^2 



with 



i=l 



.,W|2 I |2 



02 I I nib 



-Jiiti) - gi{ti) 



+ J](aP*4*))M, 



;f2iti)-g2{ti) 



(64) 



Substituting Eq. (|62|) in (|64|) one can see that the first term is sub-leading due to additional powers 
of Sb,Sq. For the second term we use the approximation 

Ml 



It gives us 



And the final result is 



^/2(t.)-52(t.)«-^(^^^2(f±^)2 



o/dipole _ 5 I'v ^2^ (2^VP) rrSM/i ^, uSM , rSM/i , ^, nlSMt 



•-charged Higgs ^ *' " Idn"^ {M^f 



(65) 



(66) 



(67) 
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Note that we have chosen not to combine the two terms in ... in the above equation. The reason 
is that when we apply the above result to 6 ^ 57, then the two terms with different chirality 
structure will be multiplied by different mixing angles and hence it is useful to keep track of the 
two terms separately even for the case of one generation. 

The contribution from neutral Higgs can be calculated in a similar fashion. The coupling 
between down-type quarks and neutral Higgs is 



SqSb 







\ / 





1 





Odr BiR 


Sb 







1 \ B2R 



+ h.c. 



From this we can find the coupling between SM h quark and heavy down-type fermions: 



J tSM 



1 



^/2 



SqOiR y=-Sqn2R 



V2 



+ 6^ 



SM 
R 



1 - X „ 1 + X ^ 

SbBiL -i j^SbB2L 



V2 



V2 



+ h.c. 



which gives us (see Eq. [46 



Sb 



a. 



(i) 



Y 



(1 — X, 1 + x) 
1 - x) 



(1 -X 



(68) 



(69) 



(70) 



Follow the same procedure as before, including only the first diagram (Fig. [3]A). We get 



n 



dipole 



'•neutral Higgs 4^"*^ """leVT^ (M*)^ 

B.l Three generation calculation 



(71) 



Generalizing to three generations, the mass matrix Eq. (j53p becomes 9x9. However, since 
analytical diagonalization of this 9x9 matrix is difficult, we do it numerically and extract the 
parameters ai,a2 (see Eq. (|46p which parametrize general interaction between fermions and Higgs 
field, keeping in mind that ol\,2 will now have six components a[^2^''"^^ because we have six heavy 
mass eigenstates) . Then using these a's in the formulae from the loop calculation in Eqs. ()47p and 
([50]) , we will get exact values for the Cy and C'-j coefficients in the amplitude for 6 — > 57 (instead of 
the estimates presented in section 14. ip . Similarly, applying the above diagonalization to Eq. (|16p 
allows us to calculate the flavor- violating couplings of heavy gluon to the SM fermions after EWSB 
(including effects of SM-heavy fermion mixing) which generate contributions to eK- The results of 
the numerical scan in section [6] are based on these calculations. 



C Details of Scan 

All the masses and mixings in the fermion sector (including SM and heavy) can be parametrized 
by the composite site Yukawa couplings (l^J'^) and the elementary/composite mixings (sq^d.n)- Of 
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course, we must choose Y^, and Sq^u,d to give the observed quark masses and CKM angles. We would 
like the composite site Yukawa couplings to be "anarchical", i.e., of the same order, and Sq^d,u to 
be hierarchical in order to explain SM fermion masses and mixing. This anarchy condition and 
Eqs. (j20|) and (j2ip (with generalization to other quark masses) lead to the following rough size of 
the mixing angles 

Su3mbY^ mtV2 
rrisSds Susruc 2 

Sd2 ~ ry, Su2 ~ -r^ , Sq2 ~ A SqS, 

(72) 

We choose to scan over the following independent variables 

• Elementary-composite mixing angles Sq^u^d 

• SM rotation matrices Uji, Ul^Dr {Dl is fixed by Di = Ul ■ Vckm) 

(This choice is equivalent to treating Y^''^ and Sq^u,d as the independent variables which are scanned.) 
We randomly vary each set of the independent variables around their "natural" size by a factor 
of three, where the natural sizes for the Sq^u,d are defined to be Eq. (|72|) and that for Un, Ul,Dji 
in Eq. (j20p by replacing "~" by "=" in both these equations. Then we calculate corresponding 
Y f 

*u,d I 



Yu = %Ul) ■ . (C/^)t; = y^{DL) ■ Mf^'^ . {Dr)^ 

Y.-'' « SQ'Y^,dsZ!d (73) 

Then we check whether our 1^^^^ are "anarchical", i.e., whether they satisfy the following condition 

Max(|K„| 



3 

Max(|Kd| 



< G.M.(|y™|) <3*Min(|y,,|) 

^ <G.M.(|y,d|) <3*Min(|y,rf|) (74) 

where G.M. stands for the geometrical mean. If these Yukawas satisfy "anarchy" condition, we 
proceed to calculate new physics contribution to r(6 57), ImC^ (as described in section lBT]l 
and Sg^ij^bj^ as in Eq. (j44[) . On the other hand, if these Yukawas do not satisfy the anarchy 
condition, then we discard them. We have checked that the couplings (y*M,d) generated in this way 
are random, i.e., that there is no correlation between different elements of the matrices. The results 
of the scan are presented in Fig. [5] to [TOl 



^'^ As mentioned earlier, these assumptions can be justified by the correspondence with the 5D model to be discussed 
later. 

^^We are ignoring the mixing between the SM and heavy fermions induced by EWSB in the last relation here which 
results in an error of Y^v^ /Ml ~ a few % (for the our choice of parameters) in the determination of F*. 
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D Sub-leading effects 
D.l eK 

Similarly to the heavy gluon exchange, heavy EW gauge boson exchange generates {V —A) x 
operators, but it gives C5 (M*) only and of smaller size than C4 (M,,) from heavy gluon due to 
smaller values of gauge couplings and gauge quantum numbers in the heavy EW boson exchange 
than in heavy gluon exchange. Moreover, the model-independent constraint from UTfit [35] on 
Cs (renormalized at a few TeV scale) is weaker than for C4. So, we find that constraint on M^, 
from heavy EW gauge boson exchange in the two-site model is weaker than that from heavy gluon 
exchange: see also discussion in [15]. 

We have also checked that the constraint from {V — A) x {V — A) and {V + A) x {V + A)- 
type operators from heavy gauge boson exchange in the two-site model can be weaker than from 
(V—A) X (V+A) operator from heavy gluon exchange. In detail, such exchange generates the Wilson 
coefficient Ci (M*). Firstly, the model- independent bound on Ci (renormalized at a few TeV scale) 
is weaker than for C4 due to the absence of matrix element and RGE enhancement for Ci relative 
to C4. Secondly, in the two-site model, the size of Ci can be effectively controlled by a single 
parameter, namely, the amount of elementary-composite mixing of bj^ - the point being that the 
other down-type elementary-composite mixings are then fixed: the ones for di, sl via CKM mixing 
angles and then, for given composite Yukawa, the right-handed ones by SM Yukawa (as discussed 
earlier) Usually, one chooses Sgs to satisfy the constraint from Zhh (as discussed earlier) and 
simultaneously to obtain the correct top Yukawa, i.e., y*Sg3 ~ 0(1), assuming SM tji is fully 
composite. For the choice of M* ~ a few TeV and y* ~ a few, we then find 5^3 ~ 1/ (a few). 
With this size of 5^3 and once we choose to satisfy the e^^-constraint from (V — A) x {V + A) 
operators, we find that both {V — A) x {V — A) and {V + A) x [V + ^)-type operators do not give 
as strong a constraint as from heavy gluon contribution to the {V — A) x {V + A) operator: see 
also [15j for a related discussion. 

D.2 Other S-physics observables 

It is easy to compute B^. s mixing amplitudes in the two-site model. The main new physics con- 
tribution comes from the flavor violating couplings of heavy gluon, just like for AS = 2 process 
discussed earlier. We have checked that bounds on s mixing amplitude is satisfled once ex is 
safe: see also [l6l dTJ dU [l5] for related discussions. 

In detail, the {V — A)x (V + A) type operator generated in the two-site model is less constrained 

^■^ Contrast this case to that for C4, 5 above whose size was fixed in terms of SM fermion Yukawa couphngs/masses 
(due to a combination of left and right-handed elementary-composite mixings involved in C4). 
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in the S^, s systems than in the K system for the following reasons. Firstly, the model-independent 
constraint on 02^^^ (Af*) /Cf^'^ [Mw) is weaker in the B^, 3 system than in the K system since there 
is no matrix element enhancement for 6*4^5 in the Bd^s mixing operators (unlike for K mixing). 
Secondly, in the two-site model, the size of C^^f (M*) /Cf^'^ {Mw) for B^^ s mixing turns out (due 
to the particular values of down-type quark masses) to be smaller than in K mixing. For the 
{y ^ A) X (y =b A) type operator, the analysis is similar to that for K mixing. 

Besides AF = 2 processes, there are also new physics contribution to AF = 1 processes in the 
two-site model. For example, the non-universal shift (in gauge eigenstate basis) in the Z couplings 
for bi (vs. di, sl) will lead to flavor-violating couplings to Z once we transform to mass eigenstate 
basis, resulting in the (flavor-violating) processes b sff, where / = quark, lepton. We have 
checked that the new physics contribution to 6 ^ sl^l^ process is below the experimental bound 
once we satisfy ^gzb]^bL/ dzb^bi^ ~ 0.25% as required by the flavor-preserving Zbb data: see also [M] 
for a related discussion. 

We also checked the new physics contribution to the time-dependent CP asymmetry in 6 ^ 57, 
i.e., Scp which requires an interference between the C7 and C'-j amplitudes: Scp ~ CjC^ / {\Cj\'^ + 
IC7P). In the SM, Scp ~ ms/m}j due to the suppression of C'j by rris/mb relative to C7 [l3]. In the 
two-site model, new physics contribution will generically give Cj Cf^'^ so that we expect Scp to 
be sizable in the two-site model. However, we found that there is no significant constraint coming 
from Scp because of the large experimental uncertainty at present |44] . 

E Relation to 5L> AdS Model 

The two-site model can be considered to be a deconstruction of the 5D AdS model with the following 
metric: 

(dsf = e-^^ydx^'dXf, + {dyf (0 < y < vri?) 

= 7— 72 {dXf.dx'' + dz"^) {zh<z< Zy) (75) 
(kz) 

where z = e^^ /k, and with the two endpoints Zh = 1/k and Zy = e^'^^/k being denoted by the 
Planck and the TeV branes, respectively. The curvature scale k is taken to be of the order of the 
AD Planck scale (Mpi) and we choose kirR log(Mp//TeV) with the SM Higgs being localized 
near the TeV brane in order to solve the Planck-weak hierarchy problem. The KK masses are 
quantized in units of ~ ke~^'^^ ~ TeV and are localized near the TeV brane. The composite site 
of the two-site model corresponds (roughly) to the TeV brane and elementary site to the Planck 
brane (but moved close to the TeV brane with renormalization of the interactions localized on it, 
i.e., as per holographic RG flow [45j). The mass eigenstates of the two-site model before EWSB 
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(which are admixtures of elementary and composite site particles) correspond to the zero and KK 
modes in the 5D models (again with Higgs vev set to zero), i.e., 

SM states <-> zero modes (76) 
heavy states <-> KK modes 

Here, we show the correspondence between the couplings of the two-site and the 5D AdS model. 
For more discussion on this issue, see reference [30] . 



E.l Size of composite gauge coupling 

Since g^: is the composite site coupling, i.e., the coupling of composite sector (« heavy) gauge 
bosons to the composite sector (~ heavy) fermions, it should correspond (roughly) to the coupling 
of single gauge KK mode to two KK fermions. We find that this coupling in the 5D model is 
(roughly) given by g^Vk, where 55 is the dimensionful 5D gauge coupling. This result is (almost) 
independent of the range of profiles of KK fermions that is of interest for down-type quarks (see 
section lK2ll . Hence, we identify: 

9* ^ 55 (77) 

E.1.1 Matching to QCD coupling 

The value of the 5D coupling g^\fk can be fixed by matching it to the 4D QCD coupling |46i I47j : 

1 / 1 }PCd\ 1 1 

^ . 10, ,Mp,/TeV, (^^^ + _ j , _ + _ (78) 

where ^/g^fj^^ xeV ^"^^ bare/tree- level (positive) brane-kinetic terms and the fe'^CD _^ -g 
the result of one- loop running effects. So using g'^'-'^ ~ 1 (renormalized at the TeV scale) we get 

• 9^Vk ~ 3 for matching at the loop level, i.e., including the iP^^ term with zero bare/tree- level 
brane kinetic terms and with a Planck-weak hierarchy. Clearly, this is the smallest allowed 
value of g-t for this hierarchy. 

• 9hVk ~ 6 for matching at the iree- level, i.e., neglecting the }f^^^ term, with no brane kinetic 



term! 



a 



^■'These modes are non-vanishing on both the Planck and the TeV branes, corresponding to the admixtures in the 
two-site model. 

^■^Equivalently, choosing the tree- level brane kinetic term to cancel the loop contribution": see discussion in [14] . 
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In general, the value of g^Vk can be even larger than above if we allow non-zero (positive) brane 
kinetic terms (on the Planck or TeV brane). In particular, with non-zero Planck brane localized 
kinetic terms, the couplings of (lightest) gauge KK are still set by g^Vk since these modes are 
localized near TeV brane. Thus, the KK coupling (measured in units of SM gauge coupling) also 
increases as these brane kinetic terms are increased. On the other hand, allowing (sizable) TeV 
brane localized kinetic terms has a more interesting effect as follows. The value of g^\/k (again 
measured in units of the SM gauge coupling) increases as in the case of the Planck brane localized 
kinetic terms, but the KK gauge coupling is clearly determined by the kinetic term localized on 
the TeV brane where the KK modes are localized (instead of being set by g^^/k). As the size of 
the brane kinetic terms increases, it turns out that the gauge KK coupling (measured in units of 
the SM gauge coupling as usual) becomes weaker [2^. At the same time, the mass of the lightest 
KK mode becomes smaller in such a way that ratio 

KK coupling constant 
Lightest KK mass in units of ke~^'^^ 

stays roughly the same (for moderately large brane terms), up to 0(1) factors. The flavor- violating 
amplitude (in units of ke~^'^^) depends on precisely the above ratio. So it is clear that large TeV 
brane terms can allow lighter KK states to satisfy the flavor constraints, but it will not allow a 
reduction in the scale ke~^'^^ which might be the one more relevant (than the lightest KK mass 
scale) for the fine tuning in EWSB. Although a detailed analysis of TeV brane kinetic terms is 
beyond the scope of this paper, it is important to keep in mind that such terms can affect the 
bounds on the scale ke~^'^^ by 0(1) factors. Finally, for smaller than Planck-weak hierarchy, for 
example as in the "Little Randall-Sundrum model" [48j . it is clear that g^Vk can be smaller as 
seen from Eq. ([78]) . 

E.1.2 Perturbativity bound on size of 5D gauge coupling 

On the other hand, an upper bound on g'^'^^ coupling can also be obtained from the condition of 
perturbativity of the 5-D QCD theory in the following way. We can estimate the loop expansion 
parameter for this theory by comparing the one-loop correction to the tree-level value of a coupling 
(or comparing a two-loop correction to a one- loop effect). This loop expansion parameter grows 
with energy (or number of active KK modes) due to the non-renormalizability of 5Z) couplings. 
So, the number of KK modes below the bD cut-off, denoted by Nkk-, can then be estimated by 
setting this loop expansion parameter to be ~ 1 (see, for example [IH]). As an example, we can 
estimate the one-loop correction to the tree-level value of the three KK gluon coupling arising from 
this interaction itself. Including color and helicity factors of ~ 3 each for this loop diagram (see, 
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for example, reference we find: 



167r2 



Nkk ~ 1 (80) 



where ~ yg^^^ Vkj is coupling of 3 KK gluons and the single power of Nkk (i-e., single KK sum) 
follows from KK number conservation at the purely KK gluon vertices. Equivalently, the dimension 
of gf^^ being —1/2 implies that the 5D loop expansion parameter is ~ {g^'^^)'^E / (iGvr^) with 
E/k ~ being the number of active KK modes. 

We can also instead consider the one-loop self-corrections to the coupling of KK gluon to two 
KK fermions, where the helicity factor of 3 is absent (in this sense, the estimate in Eq. (l80p is 
conservative). The estimate in Eq. ()80p leads to the following values of the number of KK modes 
below cutoff: 

• Nkk ~ 2 for g^^^ \fk ~ 3 which is again the smallest g^^^\fk allowed for Planck- weak 
hierarchy (i.e., with loop- level matching of the hD coupling to the 4Z) coupling and with no 
bare/tree- level brane kinetic terms). 

• Whereas for g^^^ \fk ~ 6 (i.e., with tree-level matching of the 51) coupling to the AD coupling 
with no brane kinetic terms), there seems to be hardly any energy regime where the bD theory 
is weakly coupled, i.e., Nkk < 2. 

This conclusion about perturbativity for the g'^^^ Vk ~ 6 case is valid even if we do not include 
the helicity factor of ~ 3 as would be the case for the estimate of loop expansion parameter using 
the KK gluon coupling to two KK fermions (instead of coupling of three KK gluon coupling). So 
with this perturbativity motivation (and using the correspondence in Eq. [77l) . we have focused on 
using Qsit ~ 3 in our analysis of the two-site model, but of course, one should understand that these 
conclusions are just estimates. 

E.2 Formulae for zero-mode and KK Yukawa and KK gauge couplings 

We give some useful formulae for profiles of zero-mode fermion, KK fermion, gauge KK mode and 
bulk Higgs in bD AdS model, neglecting (for simplicity) brane kinetic terma^^l (see, for example, 
reference [13] for fermion and gauge profiles and [26] for Higgs profile). 



Since the KK modes are localized near the TeV brane, localized kinetic terms there aflect the KK decomposition 
and generate additional flavor-violating couplings of gauge KK modes to fermion zero-modes (see, for example, 
reference [19]). However, we assume that these brane terms are of size generated by loop-level bulk effects (which 
is a technically natural choice) so that these effects can be neglected for our purposes, as long as the bulk loops are 
perturbative. 
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First, we decompose the 5D fermion field as 

^(a;,z) = ^V^")(x)xn(c,z) (81) 

n 

where c is the ratio between 5D fermion mass term and AdS curvature scale k. The normahzation 
condition for profiles is 



'Zh 

The fermion zero mode profile is 



r dz(^)\l{c,z) = l (82) 



, 2-c 1 / \ 1/2-c 



with 



The KK fermion profile for the same chirality as the zero-mode is 

5/2 



f zY'^ 1 

Xn{c,z) = — ,,Y , [JairUnZ) + ha{mn)Ya{mnZ)\ (85) 



with a = |c + 1/2|, m„ and are given by 

Ja^limnZh) _ JaTli'fnnZv) 



-ba{mn) (86) 



Ya^ilimnZh) Yazfl{mnZv) 

with upper (lower) signs for c > —1/2 (c < —1/2) and normahzation condition gives 

l^n P = TT— [zliJaininZv) + ba{mn)Ya{mnZv)f - zl[Ja{mnZh) + 6a("^n)>^a("^n%)]^] (87) 

It is useful to note that the ratio of zero and KK fermion profile at TeV brane is 

Xoic,Zv) _ /(c) 



Xn{c,Zv) ^/2 

Similarly, we perform KK decomposition for gauge bosons: 



(88) 



A^{x,z)=J2A^''H^)fn{z) (89) 

n 

The gauge KK wavefunction is: 

/1~ z 
J [Ji {mnz) + bnYi {runz)] (90) 



where bn and gauge KK masses are fixed by: 

n Z'u J 



nZy) 



-bn (91) 



31 



and the normalization condition 



dz(^)fliz) = l (92) 



2/> 



gives us 

= \ [zl[Ji{mnZ^) + hnYi{mnZ^)f - zl[Ji{mnZh) + bnYi{mnZh)f] (93) 

The KK decomposition for a 51? scalar (bulk Higgs) is (here /? = y^4 + ^u^, with /i being the 
bulk Higgs mass in units of A;): 

n{x,z)=v{(3,z) + Y,H^''\x)(^n{z) (94) 

n 

where v{P,z) is the Higgs vev profile, which is very close to the (lightest) physical Higgs profile 
when tjih <C Mkk- This profile can be chosen to be peaked near the TeV brane: 



The couplings between fermion zero modes and Higgs (Yq), fermion KK modes and Higgs (Ykk), 
fermion zero modes and gauge KK modes {qkr) are given by overlap integrals of the their profiles 
multiplied by the 5D couplings: 

Yo{cL,CR,P) = Yi^'^ I dz(^^y v{P,z)xol{cl,z)xor{cr,z)/v4 

Ykk{cl,CR,P) = Yt"' I dz(^^y v{P,z)XnL{cL,z)XmR{cR,z)/v4 

9kk{cl) = I dz(^^^ fn{z)xoLicL, z)xoLicL, z) (96) 



where Kf"'^ is defined by 5 9 / d^xdzVC Kf"'^iJ(x, z)^ix, z)^'{x, z) (with ^ and ^' being S'f/(2)L 
doublet /singlet and G is the determinant of the metric) and has mass dimension —1/2 just like 
5(5. Again, Ykk defined above is for KK modes with same chirality as the zero- mode. A similar 
expression can be obtained for the overlap integrals giving the coupling between KK gluon and two 
KK fermions which was used to obtain Eq. (I77p . 

It is useful to know approximate formulae for these overlap integrals |13j[14j . For example 



where pre-factor of "1" that multiplies f{cL)f{cR) is almost c-independent for 0.4 ~ c ~ 0.7 that 
is of interest for down-type quarks. 

Similarly, we define the parameter a{f3,CL,CR) by 

Yo{cL,CR,P) = a{P,CL,CR)YKK {CL,CR,P) f{cL)ficR) (98) 
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We find (numerically) that, for fixed Higgs vev profile, the cl,r dependence of a is very mild for the 
range 0.4 ~ c ~ 0.7 that is of interest for the down-type quarks and hence we set cl = cr = 0.55 
henceforth when we quote values of a. We give a table for a vs. the parameter /3 of bulk Higgs 
(see Tabled]). We see that a ~ 0(1) as expected. In detail, the Higgs and KK fermion profiles are 



/5 


a 


Mkk {g'fVk^^,yKK = Q) 


Mkk {g'f^ = 6, Yrk = 6) 





1.5 


3.7 TeV 


7.4 TeV 


1 (two-site) 


1 


5.5 TeV 


11 TeV 


2 


0.75 


7.3 TeV 


14.6 TeV 


oo (brane) 


0.5 


11 TeV 


22 TeV 



Table 1: The values of the parameter a (relating zero to KK mode Yukawa couplings: see Eq. (j98p ) 
in 1st column for different values of the parameter /3 (2nd column) which determines the profile of 
the bulk Higgs (Eq. (j95p ). The two-site model and brane Higgs case are also shown as corresponding 
to specific values of (3 (see discussion in text). The bound on Mkk (from eK only, based on the 
estimate in Eq. (jl03p ) for the purely composite sector (or KK) gauge coupling gf^^Vk = 3 
(3rd column) and g^^^Vk = 6 (last column) are also shown. We fix the composite/KK Yukawa 
coupling Ykk = 6 for all entries in the table and cl = cr = 0.55 in order to obtain the value of a. 

localized near the TeV brane so that Ykk is dominated by overlap of profiles in this region. So, we 
get Ykk ~ Y^^/k (with a mild dependence on c and /3), where the 5D Yukawa is made dimensionless 
simply by a factor of ~ coming from the normalized profiles at the TeV brane: see Eqs. (|85p 
and ()95p . Even though the fermion zero-modes (except for top quark) are localized near the Planck 
brane, their overlap with the Higgs is still dominated by the region near the TeV brane for the 
choices of c's relevant for quark masses^. Therefore, using the ratio of fermion zero and KK mode 
profiles (/'s) given in Eq. ([88]), we expect Yq ~ Yk k f (cl) f (cr) ~ (Y^Vk^ f {cl) f {cr), i.e., 
a ~ 0(1). Note that /(c)'s can be hierarchical even with small variations in c's, resulting in a 
solution to the flavor hierarchy problem in the sense that AD Yukawa matrix (Yq) can be hierarchical 
without any (large) hierarchies in the f>D theory, i.e., with anarchic 5D Yukawa matrix (or Ykk) 
and 0(1) c's. 

The following observation about the parameter a is crucial for the analysis of eK in next section. 
Since the fermion zero modes profiles peak near the Planck brane while the fermion KK mode 
profiles peak near the TeV brane, it is clear that the overlaps of profiles of fermion zero modes with 
Higgs increase while those of fermion KK modes with Higgs decrease as the Higgs wavefunction 
moves farther away from the TeV brane. Therefore, as seen from this table, 



as we decrease the parameter [3 determining the Higgs profile in Eq. (j95p - thereby localizing 



^®For larger values of c's (i.e., fermion zero-modes localized closer to the Planck brane) as relevant for Dirac neutrino 
masses, the overlaps with Higgs can be dominated by the region near the Planck brane instead [50] . 
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the Higgs away from the TeV brane, the parameter a in Eq. (j98p increases. 

We thus expect the opposite hmit, /3 ^ cxd, to reproduce brane Higgs scenario. In fact, for 
brane- locahzed Higgs, couphngs of fermions to Higgs are simply given by wavefunctions of fermions 
at TeV brane, i.e., there is no overlap integral to be performed: 

Y^ane ^ ('2Kf™"'^fc) (99) 



with 5 9/ (fx\/GY^'^°-'^''H{x)^iL{x,z^)^!'^{x,Zv). Note that dimension of Ys changes from -1/2 
to —1 as we switch from bulk Higgs to brane-localized Higgs. The factor of two in Y^^'^ in second 
line of Eq. (j99p comes from the fact that the normalized KK wavefunction at TeV brane is ~ y/2k 
(see Eq. (i85]l ). From Eqs. ([98l) and (f99]) . the model with brane-localized Higgs (effectively) has 
a = 1/2. And, the numerical calculation of the overlap integrals for bulk Higgs shows that indeed 
a — > 1/2 for (3 ^ oo (see Table [1]), in agreement with the above expectation. 

Now we can see the similarity between the two-site model and the bulk Higgs scenario. First, 
we compare the gauge couplings between the two cases: Eq. ()97p and £_sm~sm ^^gj-j^ Qf (jigp _ 
using Eq. ()77p . From these equations, we can make the following identifications: 

SL,R ^ fL,R (100) 
,2 n 



knrr 



<-> tan 



As mentioned above, fLi,Ri can be hierarchical with small variations in 5D fermion mass parameters 
(c). Therefore, our choice of hierarchical elementary/composite mixing angles (sg,u,d) in the two-site 
model is justified. 

We turn to Yukawa couplings and compare Eq. (j98p with £SM-SM ^gj-,^ Qf ([15]). First, just 
like for the gauge couplings, we should identify the Higgs coupling to heavy fermions in the two-site 



Lg to nei 
§, i.e., 



model with the Higgs coupling to KK fermions in the 5D model 

i; ^ ykk (101) 

(In particular, both are assumed to be anarchic.) Then we can see that the two-site and 5D Yukawa 
coupling equations match if a = 1. Therefore, we conclude that 

• the two-site model "mimics" the bulk Higgs scenario with /3 ~ 1 (which has a ~ 1). This 
result is also shown in Table [TJ 



^^Note that, for a fixed (3, Ykk is only mildly sensitive to cl, rs. 
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E.3 Bound from ex 

Following the arguments of the analysis of ex for the two-site model, it is clear that, in the bulk 
Higgs scenario, we get from KK gluon exchange 

(M ) - (^^^) 2m.mrf 1 
^4 estimate (^^^) " y^^a m' ^ ^ 

where "estimate" has the same meaning as in our analysis of the two-site model. Thus the constraint 
from ek is 

Mkk ~ 11 ^'^^. TeV (103) 

The bounds on Mkk for different values of (3 (i.e., choices of Higgs profiles), including the brane 
Higgs case and the two-site model is shown in Tabled] for g^^^ = 3,6 and Ykk = 6. 

Now we can compare our results to previous analysis: references [14^ 115] used a brane-localized 
Higgs, i.e., a ~ 1/2, with Kf^^^A; ~ 3, i.e., Ykk ~ 6 (from Eq. IMD- They obtained the bound on 
KK scale of ~ 20(10) TeV for the case of g^'^^ \fk ~ 6(3) which agrees with our results in Table [1] 
However, from Tabled] we see that 

• for same. g^\Fk and KK Yukawa iyKK)-, the bound on Mkk from ex is lowered for a hulk 
Higgs (instead of brane-localized Higgs) . 

Of course, this reduction in the KK scale for a bulk Higgs relative to the case of brane localized 
Higgs is due to a smaller coupling of SM fermions to the KK gluon for the bulk Higgs case, i.e., 
the zero-mode fermions being localized a bit farther from the TeV brane (where gauge KK modes 
are localized), than for the brane-localized Higgs case. The crucial point is that, even with this 
shift of zero-mode fermion profiles relative to the brane-localized Higgs case, the bulk Higgs set-up 
can maintain the same (i.e., SM) value of the zero- mode Yukawa (for the same KK Yukawa) as in 
brane-localized Higgs case. Here, we use the result (explained above) that the ratio of zero-mode to 
KK Yukawa couplings (denoted by a above) is larger for the bulk Higgs case than for brane-localized 
Higgs (for fixed fermion profiles). 

We remind the reader that we are not considering models where Higgs is the 5^^^ component 
of 5Z) gauge field here. In the Higgs-as-As model, the SM Higgs also has a profile which is peaked 
near the TeV brane in a specific gauge [27J. However, for this model, it was shown in reference 
|14j that the lower limit on the KK mass scale is ~ 10 TeV for the choices gf'^^Vk ~ 3 and 
g^^Vk (which is the "effective" 5D Yukawa) ~ 6. For larger g'^^^\/k and/or smaller g^^ \/k, 
the bound on KK scale is higher. 
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E.4 Perturbativity limit on size of KK Yukawa 

Finally, we wish to illustrate why ex by itself might allow a few, say, ~ 3 TeV KK scale, even with 
anarchy in 5D flavor parameters, i.e., mixing angles of size as in Eq. (|2Up . The point is that the 
bound on KK scale from ex depends on size of KK Yukawa as seen in Eq. (jl03p . Instead of using 
6 ^ 57 in order to constrain Ykk (as we did for the two-site model), we can use perturbativity of 
the 5D theory. 

Proceeding in the same way as for the gluon coupling, we can estimate Nkk from the loop 
expansion parameter associated with the Yukawa coupling being ~ 1. For example, we can compare 
the one-loop correction to the tree-level value of the coupling of Higgs to two KK fermions from 
this coupling itself (there are no color or helicity factors here). For 6rane-localized Higgs, we get 

x^brane 2 

-it^^KK - 1 (104) 

where N^j^ (i-e., double KK sum) in this loop diagram follows from absence of KK number con- 
servation at the Higgs vertices in the brane-localized Higgs case. One can also derive such growth 
of the loop expansion parameter with Nkk from dimensional analysis, namely, [Yg^^'""^] = — i such 
that the 5D loop expansion parameter is ~ 

Ybrane2^2/ (IGtt^). So, for the brane-localized Higgs 
case, we get y|'^"^ ~ "in/NKK and the choice of Yrk ~ 6 (i.e., Kf^^^A; ~ 3) in references [H IS] 
for brane Higgs corresponds to Nkk ~ 2. 

On the other hand, the loop expansion parameter for the bulk Higgs case is 

•ybulk 2 

-^Nkk - 1 (105) 

where the single power of Nkk follows from the single KK sum due to KK number conservation 
at Higgs vertices for the bulk Higgs case. Equivalently, we can use dimensional analysis, i.e., 
jy^feui/cj _ _i/2 so that the f>D loop expansion parameter ~ y^^^^ "^E/ (l67r^) just like for bD gauge 
theory. Hence, we have for bulk Higgs case, Y^^ ~ Att / \/ Nkk, i-e., 

• for same Nkk, we find that Ykk can be larger for bulk Higgs by ~ \/Nkk than for the 
brane-localized Higgs case. Thus the KK mass bound can be lowered even further (beyond 
the point related to the factor a discussed above) as seen from Eq (jl03p : see also discussion 
in fUl. 



And, in particular, 

• we get Y^^ ~ 6\/2 for Nkk ~ 2 (same as the choice made in references [HI [l5] ) so that 
choosing in addition the Higgs profile with /3 ~ (so that a ~ 1.5) and ~ 3, we see from 
Eq. ()103p that Mkk ~ 2.6 TeV might be allowed by eK constraint. 
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However, such a low KK scale and large Ykk in the 5D model will most likely be very strongly 
constrained by BR (6 57) just as in the case of the two-site model. Note that the bulk Higgs 
couplings other than Yq^ kk ~ for example the mixed (i.e., zero-KK fermion) ones - might not 



so that our results for 6 ^ 57 in the 
A detailed calculation of 6 — > 57 for 



exactly mimic the corresponding ones in the two-site mode 
two-site model cannot be directly used for the 5D modej^ 
the 5D model is beyond the scope of this work. 
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Figure 1: Feynman diagram for AS = 2 process via heavy gluon exchange 



heavy gluon 




Figure 2: Feynman diagrams for b — s 7 via heavy gluon and heavy fermions 
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Figure 3: Feynman diagrams for b — s 7 via charged Higgs 
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Figure 4: Feynman diagrams for b — > s 7 via Higgs using mass insertion 



M.=5TeV F„e(3,4),7rfe(3,4) 



M.=5TeV F„e(6,7),Frfe(6,7) 



Im Af ■ 



Im a/ 





• 

I. • • 


— : : — , ^ — 





ar (fc -> sy) 



/20% 

5.00 10.00 r(fc^sy) 0.01 

M.=5TeV F„e(l,2),7^e(5,6) 



0- 
- 


• • 


1- 

1 - 


• • ^ • 
^ • • 



Im Cl Af - 



100 
10' 



0.1 



TT. A J . »' ' • 



100 1000 



100 



6r ib -> sy) 
r(6^sy) ' 



720% 



10* 



(Sr (ft -> sy) 
r(6-.sy) ' 



-/20% 



Figure 5: Scatter plot for shift in BR(6 — > S7) and Im (C/^k) for M^, = 5 TeV, the composite site 
gauge couphng gs^, = 3 and different values of iC''^ (defined here as the geometric mean of the 
composite site Yukawa couplings li^'^/j^D- The allowed region is below and to the left of the (red) 
solid lines. For = 6, the allowed region is below the dashed line and to the left of the solid (red) 
line, (see discussion in section [6]) . 
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M.=5 TeV y„ e(3,4),y,,e(3,4) 
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Figure 6: Scatter plot for 6g^i^f^^ and Im (C^k) for Af* = 5 TeV, the composite site gauge coupling 
gs* = 3 and for different values of KT''^ (defined here as the geometric mean of the composite site 
Yukawa couplings The allowed region is below and to the left of the (red) solid lines. For 

Qs* = 6, the allowed region is below the dashed line and to the left of the solid (red) line, (see 
discussion in section [6]) . 



M.=10TeV Y,e{3,4),Yje{3A) 



Im Cl Ap- 



Im Cl a/ 
1000 ^ 

100 

10 

1- 



ou • •^•^^r:^.7<'^ 



0.1 
0.01 



Sr (b -> sy) 



/20% 



M.=10TeV F„e(l,2),Frfe(5,6) 

• • • 

• • . V • 



sr (b -> sy) 



0.005 0.010 0.050 0.100 0.500 r(6^sy) 0.0050.010 0.0500.100 0.5001.000 T (6 ^ sy) 

M.=10TeV F„e(6,7),7rfe(6,7) 

Im cl Ap- 



/20% 




sr (b ^ sy) 



0.01 0.05 0.10 0.50 1.00 5.00 T (6 -> sy) 

Figure 7: Same as Fig. [SJ but with = 10 TeV. 
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Figure 8: Same as Fig. El but with = 10 TeV. 
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Figure 9: Same as Fig. [5l but with M^, = 3 TeV. 
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Figure 10: Same as Fig. El but with = 3 TeV. 
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